Aims/hypothesis The aim of the study was to determine whether basal insulin resistance (IR) phenotype (muscle and/ or liver) determines the effect of long-term consumption of a Mediterranean diet or a low-fat diet on tissue-specific IR and beta cell function. Methods The study was performed in 642 patients included in The effect of an olive oil rich Mediterranean diet on type 2 diabetes mellitus risk and incidence study (CORDIOPREV-DIAB). A total of 327 patients were randomised to a Mediterranean diet (35% fat; 22% from monounsaturated fatty acids) and 315 to a low-fat diet (<28% fat). At baseline, the patients were classified into four phenotypes according to the type of IR: (1) no IR; (2) muscle IR; (3) liver IR; (4) muscle+ liver IR. The hepatic insulin resistance index (HIRI), muscular insulin sensitivity index (MISI) and disposition index were analysed at baseline and after 2 years of follow-up. Results At baseline, 322 patients presented no IR, 106 presented muscle IR, 109 presented liver IR, and 105 presented muscle+ liver IR. With both dietary interventions, HIRI decreased in all patients (p<0.001) and MISI increased in muscle IR and muscle + liver IR patients (p<0.01). Long-term intake of the Mediterranean diet increased the disposition index and insulinogenic index in the muscle IR patients (p=0.042 and p=0.044, respectively) and the disposition index in the muscle+liver IR patients (p=0.048), whereas the low-fat diet increased the disposition index in the liver IR patients (p=0.017). Conclusions/interpretation Although both diets improve insulin sensitivity, there are differences based on basal IR phenotypes. Moreover, according to insulinogenic and disposition index data, a low-fat diet might be more beneficial to patients with liver IR, whereas patients with muscle IR and muscle+liver IR might benefit more from a Mediterranean diet.
Introduction
Cardiovascular disease and type 2 diabetes are currently considered the main causes of disability and death worldwide [1] . Both are complex metabolic disorders, and their simultaneous presence considerably increases the risk of macrovascular complications and death. In diabetic patients with a previous heart attack, the 7 year incidence of subsequent myocardial infarction is more than double that of non-diabetic individuals with previous myocardial infarction. Similarly, the recurrence rate of major atherosclerotic complications in type 2 diabetic patients with a prior cardiovascular event is very high: around 6% per year [2] . Therefore, prevention of type 2 diabetes should be a priority in cardiovascular patients.
Insulin resistance (IR) reflects defective insulin action predominantly in skeletal muscle and liver, which are the main insulin-sensitive target tissues [3] . As a consequence, insulin secretion increases to maintain normoglycaemia, a situation that could compromise pancreatic beta cell function and result in type 2 diabetes [4] . There is compelling clinical trial evidence that type 2 diabetes can be prevented or delayed by lifestyle interventions: among these, modification of the diet has been established as one of the most important contributing factors [5] . Two dietary approaches have been suggested as good alternatives to delay the onset of type 2 diabetes: first, the Mediterranean diet, rich in olive oil, seems to provide cardiovascular benefits and increase insulin sensitivity; it has been recently linked to lower type 2 diabetes incidence [6, 7] . The other alternative is a low-fat diet, with a content of <30% energy from total fat, which has been demonstrated to prevent type 2 diabetes [5] and has been recommended by the ADA [8] .
Although the development of type 2 diabetes is tightly related to IR, it is unclear whether IR develops simultaneously in multiple organs and whether its severity varies depending on the organ. Moreover, there is evidence that interventions that increase insulin sensitivity are organ specific [9, 10] . However, to the best of our knowledge, no long-term comparisons of different dietary patterns in individuals at risk of diabetes that take into account the extent of IR in target organs have been reported.
The present work aims to determine whether basal IR phenotype (muscle and/or liver) determines the effect of longterm consumption of a Mediterranean diet or a low-fat diet on tissue-specific IR and beta cell function.
Methods
Participants The Coronary Diet Intervention with Olive Oil and Cardiovascular Prevention (CORDIOPREV) study is an ongoing prospective, randomised, open, controlled trial of 1,002 patients receiving conventional treatment for coronary heart disease (CHD) who had their last coronary event more than 6 months before enrolment in one of two different dietary models (a Mediterranean diet and a low-fat diet) over a period of 5 years. The patients were recruited between November 2009 and February 2012, mostly at the Reina Sofia University Hospital, Cordoba, Spain. The eligibility criteria, design and methods of the CORDIOPREV clinical trial have been reported elsewhere [11, 12] , and the protocol is registered at ClinicalTrials.gov (registration no. NCT00924937). The outcome investigated in this study relates to the one of the secondary outcomes of the CORDIOPREV study: metabolic control of carbohydrates (CORDIOPREV-DIAB).
Patients who had not had a diabetes diagnosis and/or were not receiving glucose-lowering treatment before the beginning of the study underwent an OGTT as part of the protocol of the CORDIOPREV-DIAB study. Patients were asked about their medical diagnosis and glucose-lowering treatment in an interview with an internal medicine physician and their response was confirmed by electronic medical records, which are available for all patients in Andalucía, Spain. According to the baseline OGTT, 242 patients had normal glucose tolerance (fasting glucose <5.5 mmol/l, 2 h glucose <7.7 mmol/l, HbA 1c <47.5 mmol/mol [6.5%]); 77 had impaired fasting glucose (IFG; fasting glucose 5.6-6.9 mmol/l), 80 had impaired glucose tolerance (IGT; 2 h glucose 7.8-11.0 mmol/l); 53 had both IFG and IGT; and 190 had type 2 diabetes (fasting glucose ≥7 mmol/l, 2 h glucose ≥11.1 mmol/l or HbA 1c ≥47.5 mmol/ mol [6.5%] ). Once in the study, patients who received a biochemical diagnosis of diabetes, but who were not put on pharmacological treatment by their physicians, continued in the study. Patients who initiated pharmacological treatment for diabetes were excluded from the study.
A total of 642 patients were randomised to two dietary treatment groups: 327 to a Mediterranean diet group and 315 to a low-fat diet group. There were no significant differences in the demographic and metabolic characteristics between the groups (see electronic supplementary material [ESM] Table 1 ). Patients lost before follow-up at 2 years are detailed in ESM Fig. 1 .
The local ethics committees approved the trial protocol and its amendments, which follow the Declaration of Helsinki and good clinical practice. The experimental protocol conforms to international ethical standards [13] . Written informed consent was obtained from all study participants.
Study diets
The low-fat diet comprised <28% of energy from fat (12% monounsaturated, 8% polyunsaturated and 8% saturated fatty acids), 57% from carbohydrates and 15% from proteins. The Mediterranean diet comprised 35% of energy from fat (22% monounsaturated, 6% polyunsaturated and 7% saturated fatty acids), 50% from carbohydrates and 15% from proteins. To ensure that the main fat source of the Mediterranean diet (extra-virgin olive oil) was identical for all patients in this group, the olive oil was given to the participants by the research team. Food packs, including low-fat foods (cereals, legumes, pasta, etc.) were provided for the patients randomised to the low-fat diet group.
Dietary assessment and anthropometric measurements
The CORDIOPREV study was supervised by a team of registered dietitians. At the beginning of the study and every year, the dietitian had a face-to-face interview with each patient, during which was carried out a 137-item semi-quantitative food frequency questionnaire, validated in Spain [14] , and a validated 14-item questionnaire of adherence to the Mediterranean diet to determine a Mediterranean diet score [15] . Participants in each intervention group received the same intensive dietary counselling. The dietitian adapted the participants' customary diet to the Mediterranean diet or to the low-fat diet, focusing on the overall daily diet rather than on isolated nutrients. Weight, height and waist circumference were also measured at baseline and again each year according to standardised protocols.
Biochemical measurements Venous blood for analysis of the participants' biochemical variables was collected in tubes containing EDTA after a 12 h overnight fast at baseline and after 2 years of follow-up. Lipid variables, serum insulin, plasma glucose and plasma concentration of C-reactive protein (CRP) were determined as previously reported [11, 12] .
Estimation of IR, insulin secretion and beta cell function indices Patients underwent a standard OGTT at baseline and after 2 years of follow-up. After an overnight fast, blood was sampled from a vein before oral glucose intake (0 min) and again after a 75 g flavoured glucose load (Trutol 75; Custom Laboratories, Baltimore, MD, USA). Blood samples were taken at 30, 60, 90 and 120 min to determine glucose and insulin concentrations [16] .
The following indices were then estimated. The indices used to determine tissue-specific IR were: the hepatic insulin resistance index (HIRI) and the muscle insulin sensitivity index (MISI). HIRI was estimated by the validated method of Matsuda and DeFronzo [16] , expressed as fasting insulin (pmol/l) × fasting glucose (mmol/l). MISI was measured according to the method of Abdul-Ghani et al [17] : MISI=(dG/dt)/mean plasma insulin concentration, where dG/dt is the rate of decay of plasma glucose concentration from its peak value to its nadir during the OGTT. Determination of muscle and liver IR groups At baseline, the patients were distributed into four groups according to the presence or absence of muscle and/or liver IR. For this purpose, we used a method based on that described by Abdul-Ghani et al [21] . The patients were divided into tertiles according to HIRI and MISI. The highest tertile of HIRI and the lowest tertile of MISI were considered to indicate IR in each organ. A second operational definition based on the median value for IR in skeletal muscle and liver gave similar results.
Statistical analyses Normal distribution was tested for all measured variables, and skewed variables were normalised by log 10 . Statistical analysis was carried out using SPSS software version 18.0 for Windows (SPSS, Chicago, IL, USA). The data were presented as mean ± SD for continuous variables and as frequencies for categorical variables. In the statistical tests, age, sex, BMI and change in weight were included as covariates. The statistical significance of the differences in mean values at baseline according to IR groups was assessed by a univariate general linear model. A repeated measures ANOVA test was used to determine the statistical differences between variables at baseline and after 2 years of follow-up. The mean percentage change in each variable was calculated as follows: ([V 2 −V 0 ]/V 0 )×100, where V 0 is the value of each variable at baseline and V 2 is the value after 2 years of follow-up. A negative value of mean percentage change indicates that the variable has decreased after 2 years of follow-up, and a positive value indicates that the variable has increased. Bonferroni's test was used in all cases where post hoc analyses were required, in which p <0.05 was considered to be significant.
Results
Study population Table 1 shows the demographic and metabolic characteristics at baseline of the patients according to the basal IR phenotype. A group of 322 patients presented no muscle or liver IR, 106 had muscle IR, 109 had liver IR, and 105 presented both muscle and liver IR.
Patients with muscle IR, liver IR and muscle+liver IR showed significant differences compared with those with no IR in several variables. Patients with muscle IR were significantly older than those in the other groups (p<0.001). As regards anthropometric measurements, patients with liver IR and muscle+liver IR showed significantly greater weight, BMI and waist circumference than those with muscle IR and those with no IR (p<0.001). Serum triacylglycerol values were higher in patients with liver IR and muscle+liver IR than in those with no IR (p<0.001). HDL-cholesterol was lowest in patients with liver IR and muscle+liver IR compared with the other groups (p=0.017). Patients with liver IR and muscle+ liver IR showed significantly greater HbA 1c , fasting glucose and fasting insulin than those with muscle IR and those with no IR (p<0.001).
With respect to the OGTT-derived indices (Table 1) , HIRI was highest in patients with muscle+liver IR, and progressively decreased in the liver IR, muscle IR and no IR groups (p<0.001). ISI was lowest, however, in patients with muscle+ liver IR, and progressively increased in the liver IR, muscle IR and no IR groups (p<0.001). MISI was lower in patients with muscle+liver IR and muscle IR compared with those with liver IR and no IR (p<0.001), whereas IGI was higher in patients with muscle+liver IR and muscle IR compared with those with liver IR and no IR (p<0.001). The muscle+liver IR and liver IR groups presented higher HOMA-IR than muscle IR, and these three groups all had higher HOMA-IR compared with patients with no IR (p<0.001). Finally, the disposition index was lower in patients with muscle+liver IR and liver IR than in those with muscle IR and no IR (p<0.001).
Comparative effect of the Mediterranean vs the low-fat diet on variables of glycaemic control according to IR subgroups At baseline, there were no significant differences in the variables studied between the patients who were randomised to a low-fat diet or to a Mediterranean diet within each IR subgroup (Table 2) . HIRI significantly decreased after 2 years of follow-up with both dietary treatments in all subgroups (p<0.001). However, patients with liver IR and muscle+liver IR presented a greater improvement in HIRI compared with those with no IR, measured as the mean percentage change. Specifically, HIRI decreased more in the low-fat and Mediterranean diet groups in patients with liver IR than in those with no IR (−44.1% vs −16.8%, p = 0.002; −38.5% vs −13.7%, p=0.017, respectively). On the other hand, HIRI decreased more in patients with muscle+liver IR consuming the lowfat diet than in those with no IR consuming the low-fat diet (−42.4% vs −16.8%, p=0.012) ( Table 2 ). MISI significantly increased in the muscle IR and muscle+liver IR groups after 2 years of follow-up with both dietary treatments (p<0.001 and p=0.003, respectively), whereas it significantly decreased in the liver IR group with both dietary treatments (p=0.001). In terms of mean percentage change, there were also significant differences between IR subgroups. Patients with muscle IR consuming the low-fat and Mediterranean diets presented a greater increase in MISI compared with those with no IR (172.9% vs −6.0%, p<0.001; 204.4% vs −3.3%, p<0.001, respectively) and with liver IR (172.9% vs −30.5%, p<0.001; 204.4% vs −12.5%, p<0.001, respectively). By contrast, MISI increased more in patients with muscle+liver IR consuming the low-fat diet than in those with no IR (147.5% vs −6.0%, p<0.001) and with liver IR (147.5% vs −30.5%, p<0.001) ( Table 2) .
HbA 1c significantly decreased after 2 years of follow-up with both dietary treatments in all subgroups (p<0.001), except in those with liver IR who consumed the Mediterranean diet (Table 2) .
IGI decreased significantly from baseline to 2 years of follow-up in patients with muscle+liver IR (p=0.015) consuming the low-fat diet. In terms of mean percentage change, there was a significant difference in the muscle IR group (p=0.044) between those who consumed the low-fat diet (in whom IGI decreased) and those who consumed the Mediterranean diet (in whom IGI increased).
Finally, long-term consumption of the Mediterranean diet for 2 years led to an increase in disposition index that was only significant in muscle IR (p=0.042) and muscle+liver IR patients (p=0.048), whereas consumption of the low-fat diet led to an increase in disposition index that was only significant in liver IR patients (p=0.017). Moreover, there were differences in the values of mean percentage change in the disposition index (Fig. 1) . In muscle IR and muscle+liver IR patients, consumption of the Mediterranean diet led to a higher increase in disposition index compared with the low-fat diet (55.0% vs 26.5%, p=0.020 and 41.0% vs 14.8%, p=0.040, respectively). By contrast, in liver IR patients the increase in disposition index was higher in those consuming the low-fat diet than in those consuming the Mediterranean diet (67.3% vs 20.3%, p=0.014).
ISI and HOMA-IR values significantly improved after 2 years of follow-up with both dietary treatments and in all subgroups (ESM Table 2 ).
Dietary intake and anthropometric measurements At baseline, there were no significant differences in Mediterranean diet score between the Mediterranean diet and the low-fat diet groups and between the IR subgroups (Table 3) . After 2 years of follow-up, the Mediterranean diet score significantly decreased in patients following the low-fat diet but significantly increased in patients following the Mediterranean diet, in all subgroups. Accordingly, the change in mean percentage change in Mediterranean diet score was significantly greater in the Mediterranean diet group, for all the IR subgroups (p<0.001).
As regards the anthropometric measurements, no IR, muscle IR and liver IR patients following the low-fat diet presented a decrease in weight and BMI (p<0.05) ( Table 3) . No IR and liver IR patients consuming the low-fat diet also showed a significant decrease in waist circumference (p<0.05). No changes were observed in anthropometric measurements in patients consuming the Mediterranean diet.
Discussion
This study provides new evidence that different dietary approaches (a Mediterranean diet or a low-fat diet) may provide extra benefits in improving beta cell function in patients with CHD, depending on the presence or absence of muscle and/or liver IR. Our findings suggest that, although both diets improve insulin sensitivity, there are some differences based on basal IR phenotypes. MISI increased only in patients who presented muscle IR at baseline (alone or combined with liver IR), whereas HIRI presented a greater decrease in patients with baseline liver IR relative to the other groups. Moreover, according to IGI and disposition index data, a low-fat diet might be of more benefit to patients with liver IR, whereas a Mediterranean diet might be more beneficial to patients with muscle IR and muscle+liver IR.
There is compelling clinical trial evidence to show that the most cost-effective method to prevent type 2 diabetes is lifestyle intervention, which includes changes in exercise and dietary habits [22] [23] [24] . In several of these long-term intervention studies, the main dietary goals in the intervention groups were a low-fat, calorie-restricted diet with a low content of saturated fatty acids and a higher dietary fibre intake. As a consequence, participants in the active treatment groups achieved significant weight loss, which appeared to be the main factor in reducing incident diabetes compared with control groups. Other prospective studies have demonstrated that greater adherence to a Mediterranean diet is associated with a significant reduction in the risk of diabetes [25, 26] . In this context, the Effects of the Mediterranean Diet on the Primary Prevention of Cardiovascular Diseases (PREDIMED) trial performed a long-term intervention, with a median followup of 4.1 years, in non-diabetic individuals comparing three dietary interventions: a Mediterranean diet supplemented with extra-virgin olive oil; a Mediterranean diet supplemented with mixed nuts; and a control diet consisting of advice to reduce intake of all types of fat. The authors concluded that a Mediterranean diet enriched with extra-virgin olive oil but without energy restrictions reduced type 2 diabetes incidence compared with the other two diets [27] . Despite the success of these studies, two recent reviews highlighted the need to There were no significant differences between the IR groups within each dietary treatment (the low-fat diet or the Mediterranean diet) for all the variables *p<0.05 between baseline and after 2 years of follow-up in each variable (of each dietary treatment and IR subgroup), analysed using repeated measures ANOVA, adjusted for age, sex, baseline BMI and change in weight † p<0.05 in mean percentage change in values between the low-fat diet and the Mediterranean diet within each IR group, analysed using a univariate model adjusted for age, sex, baseline BMI and change in weight perform intervention trials in order to determine specific dietary patterns to offer recommendations to vulnerable individuals [5, 26] . The approach of the present study goes further, since it also takes into account the fact that the different pathophysiology of the distinct prediabetic states (muscle IR, liver IR and muscle+liver IR) might provide a basis for the development of individualised prevention of type 2 diabetes [28] . Therefore, we consider that our findings may have important clinical and public health applications, especially in the field of personalised medicine. The diets studied in the intervention (Mediterranean and low-fat diets) are considered healthy diets [5] : both are rich in whole grain foods, fruit and vegetables, with a moderate consumption of fish and low-fat dairy products, and are low in saturated fat, meat and simple sugars. We observed that levels of HbA 1c were significantly reduced, which indicates that both diets improve glycaemic control [29] and is in agreement with results found in several intervention studies [30, 31] . We also found that both diets improved insulin sensitivity, although with differences according to tissue-specific IR. HIRI decreased in all patients with both diets, although this improvement seemed to be greater in liver IR and muscle+liver IR patients. By contrast, MISI was increased only in patients with muscle IR or muscle+liver IR after 2 years of follow-up of both diets. That is relevant, since the disposition index takes into account insulin secretion and insulin sensitivity, and the calculation itself is affected by tissue-specific IR [32] .
Low-fat diets, with a content of <30% of energy from total fat, are considered the best suited for type 2 diabetes prevention, according to many scientific societies, including the ADA and the Diabetes and Nutrition Study Group of the European Association for the Study of Diabetes [8, 33] . According to our results, this recommendation may be especially encouraged in patients with liver IR, whose disposition index was increased on the low-fat diet compared with those on the Mediterranean diet. It is important to note that, although neither diet in this study was calorie-restricted, the weight, BMI and waist circumference of the patients on the low-fat diet significantly decreased during follow-up, especially in those in the liver IR group. Our results agree with those of other intervention studies, which related weight loss to reduced diabetes incidence, even when the difference in weight was minimal [34] . In addition, it has been shown that a relatively small decrease in BMI is associated with a considerable reduction in hepatic triacylglycerol content, which might be related to a reduction in the severity of IR [35] . Therefore, this weight loss could diminish hepatic triacylglycerol content and IR, and thus enhance gluconeogenesis and favour beta cell function in our liver IR patients.
Recent research supports the idea that a traditional Mediterranean dietary pattern, even without energy restriction, can also help in type 2 diabetes prevention [27, 36] . The main differences between the low-fat and the studies are needed to confirm these results in other population groups, such as in healthy individuals at risk of progression to diabetes and in those with different ethnicity, these findings may guide the implementation of personalised dietary interventions tailored to the different states of IR, thus achieving more efficient prevention of type 2 diabetes in vulnerable patients.
